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In this work we study the effect of long range electron-electron correlations on the behavior of the
normal state of metal-intercalated phenacene crystals. While the individual phenacene molecules
are modeled by the Pariser-Parr-Pople Hamiltonian with long range Coulomb interactions, we derive
a correlated minimal model for describing the phenacene ionic crystals. We find that long range
electron correlations do not change the behavior of the phenacene ions with molecular valence −1
(monoanion) and −2 (dianion), compared to that observed for short range electron interactions.
The monoanion crystal is a single-band 1
2
-filled antiferromagnetic Mott-Hubbard semiconductor
while the dianion crystal is a two-band semiconductor with inter-molecular antiferromagnetic and
intra-molecular ferromagnetic spin orderings. However, the trianion crystal is no longer a nearly
degenerate 3
4
-filled two-band system. We show that this occurs because the kinetic stability of
the 3
4
-filled two-band system with long range correlations is smaller compared to that with short
range correlations, for the lattice sizes considered in this study. We argue that with large finite
lattices, behavior of the trianion crystal with long range correlations will be same as that with short
range correlations. We thus conclude that long range correlations fail to alter the normal states of
metal-intercalated phenacene crystals.
PACS numbers: 71.10.Fd, 74.20.Mn, 74.70.Kn, 74.70.Wz
I. INTRODUCTION
Strongly correlated multi-orbital systems lie at the
forefront of modern day condensed matter physics. In-
teraction between the charge, spin and orbital degrees of
freedom of the electrons in these systems leads to vari-
ous novel phenomena like, giant magnetoresistance, itin-
erant ferromagnetism, charge-orbital ordering, and su-
perconductivity (SC)1–8. Among the multi-orbital su-
perconductors, many show SC at a fixed or very narrow
region of carrier density. The ones which are of partic-
ular interest to us are the carbon(C)-based unconven-
tional superconductors such as the charge-transfer solids
(CTS)9, alkali metal-doped fullerides (A3C60)
10–12, and
the metal-intercalated phenacenes13–19. Experimentally
it is found that SC in the CTS occur under pressure
and at the carrier density ρ ≈ 0.520,21; ρ is defined as
the ratio of the number of charge carriers to the num-
ber of active orbitals, i.e., Ne(h)/No, where e(h) refer
to electron(hole). Similarly, doped fullerides and metal-
intercalated phenacenes are found to show SC under pres-
sure and at molecular valence −3, which correspond to
ρ = 1.522; note that ρ = 1.5 (electrons as charge carri-
ers) and ρ = 0.5 (holes as charge carriers) are equivalent.
Three different classes of C-based materials showing SC
at a fixed carrier concentration raises an important ques-
tion: Is there something special about carrier density 0.5?
In order to understand the mechanism of SC in these
multi-orbital C-based systems it is important to first un-
derstand the normal state at this particular carrier con-
centration. It is with this motivation that we began
the investigation of the electronic structure of metal-
doped phenacenes22, which have been claimed to be
superconducting13–19 only at molecular valence −3. Af-
ter the discovery of SC in metal-intercalated phenacenes,
other groups have failed to reproduce the results obtained
by Kubozono et. al. for picene13,14 and Wang et. al.
for phenanthrene15–17. However recently, Artioli et. al.
have reported SC in Sm-doped phenanthrene, chrysene,
and picene23. They conclude that the presence of SC
at molecular valence −3 irrespective of the number of
phenacene rings “raises new questions that open the way
for further and new theoretical investigations on the elec-
tron pairing mechanism” in polycyclic aromatic hydro-
carbons.
In addition to the work of Artioli et. al., we
believe that a proper theoretical understanding of
the normal state of metal-intercalated phenacenes
(phenanthrene and picene) is of interest from another
perspective, namely, understanding pressure-induced
antiferromagnetic-to-SC transition in A15 Cs3C60
24,25.
In what follows, the terms monoanion, dianion and tri-
anion will refer to M1−, M2− and M3−, respectively;
here, M refer to a molecule and the superscript denote
the charge of M , i.e., number of doped electrons. In
both phenacenes and fullerides (for which experimental
results are robust), there is apparent breaking of charge
conjugation symmetry, i.e., crystals of mononions and
trianions behave differently. While molecular solids of
phenacene and fulleride trianions show SC, crystals of
their monoanions are semiconducting. In neutral C60
molecules, the Lowest Unoccupied Molecular Orbitals
(LUMOs) are empty and triply degenerate; the levels
are referred to as t1u. Upon electron doping, by virtue
of Jahn-Teller distortion and electron-electron (e-e) in-
teractions, this degeneracy is lifted; for illustration sake
we shall denote these non-degenerate levels as tn1u, where
the superscript n refer to the orbital occupancy. Thus,
each C3−60 ion consists of a low lying t
2
1u orbital, a t
1
1u
orbital at intermediate energy, and a high lying t01u or-
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2bital. Similarly, each C1−60 ion have a low lying t
1
1u or-
bital and two degenerate t01u orbitals. It is widely be-
lieved that the ambient pressure antiferromagnetism in
C3−60 crystals arise from inter-molecular spin-spin cou-
pling between electrons occupying the t11u orbitals. This
1
2 -filled Mott insulator under pressure becomes supercon-
ducting due to increased band-width12,26–28. This view-
point of SC in the fullerides however has some draw-
backs. Firstly, this theory is based on the results of mean
field and dynamical mean field theory (DMFT) studies
showing antiferromagnetic-to-SC transition in the frus-
trated 12 -filled Hubbard model
29–33. However, more re-
cent and sophisticated numerical calculations which go
beyond mean field level have shown the absence of SC
in the frustrated 12 -filled Hubbard model
34–39. Secondly,
this approach fails to explain the absence of SC in ful-
leride monoanion crystals which are also 12 -filled anti-
ferromagnetic Mott insulators; the t11u orbitals of C
1−
6
ions can couple antiferromagnetically in the solid state.
Lastly, the absence of SC in the Mott-Hubbard semicon-
ductor K1pentacene
40 confirms the theories that predict
absence of SC within the 12 -filled band Hubbard model.
Thus, a proper understanding of the normal state and
hence the mechanism of SC in the fullerides is still not
complete.
In our previous study on phenancenes22 we have shown
that breaking of charge conjugation symmetry is a band-
width induced effect, that gets further enhanced by elec-
tron correlations. A similar scenario is expected to hold
for doped fullerides also, thereby leading to an alternative
description of SC in doped fullerides within our theory
of metal-intercalated phenacenes. At ambient pressure
molecular solids of both C1−60 and C
3−
60 are ρ = 1 anti-
ferromagnetic Mott insulators. Under pressure there is
equalization of electron population between the t21u and
t11u levels of the trianions by virtue of inter-ion inter-
orbital hoppings leading to the formation of a ρ = 3/2
two-band paramagnetic system. SC in this case will be
related to populations of 3/2 in two non-degenerate lev-
els which become close in energy by virtue of increased
band-width, and the pairing is inter-molecular rather
than intra-molecular. Such a band-width induced popu-
lation exchange will not occur in the monoanion crystal
by virtue of its molecular charge and it continues to be
a ρ = 1 antiferromagnet (AFM). We are unaware of any
experiment in this context that would preclude our pro-
posed mechanism.
In our previous work22, we have explicitly shown that
in the presence of short range e-e interactions, the nor-
mal states of the monoanion and trianion crystals are not
identical but differs substantially. These different nor-
mal states under pressure would have different behaviors
and thus, while the monoanion crystal is an AFM, the
trianion solid shows SC. A summary of our previous re-
sults is presented in Sec-III. The motivation behind the
present study is to understand the effect of long range
e-e interactions on the normal states of the phenacene
ionic crystals. Our modeling of charged phenacene crys-
tals begins from an atomistic description of the individ-
ual molecules, described within a pi-electron model. We
construct localized molecular orbitals (MOs) for the in-
dividual phenacene molecules from which the description
of the crystal is built using the frontier MOs (FMOs)
as basis orbitals. Previously we had addressed the nor-
mal state of metal-intercalated phenanthrenes by deriv-
ing an effective low-energy Hamiltonian, HHubL,L+1, within
the localized basis of the LUMO (L) and LUMO+1
(L+1) FMOs22, and describing the individual phenan-
threne molecules by the Hubbard model having only on-
site (short range) e-e correlations. But C-based materi-
als like the phenancenes are known to possess long range
Coulomb correlations and thus, the Hubbard model is
inadequate for their complete description. In the present
work we model the individual phenanthrene molecules
by the Pariser-Parr-Pople Hamiltonian (PPP)41,42 hav-
ing true long range e-e interactions. The effective crystal
Hamiltonian in this case is depicted by HPPPL,L+1. We find
that long range interactions, apart from renormalizing
the individual terms in HHubL,L+1, introduce an additional
repulsion term between same spin electrons occupying
different orbitals on the same molecule (see Sec-II). We
thus anticipate that long range correlations will not affect
the normal state of the monoanion crystal but should al-
ter the behavior of the dianion and trianion crystals. We
find that long range e-e interactions only alter the be-
havior of the trianion crystal, although the monoanion-
trianion asymmetry persists. We will show in Sec-IV that
the change in behavior of the trianion crystal is due to the
size of the lattices that we have considered. These small
system sizes fail to provide the kinetic stability needed
by the trianion crystal to behave as a nearly degenerate
two-band 34 -filled system (see Sec-III).
II. THEORETICAL MODELING AND
COMPUTATIONAL DETAILS
Metal-intercalated phenacenes crystallize in the Her-
ringbone motif which is shown in Fig. 1. The com-
plete Hamiltonian for such a solid can be be written as
H = Hintra + Hinter, where Hintra depict the intra-
molecular Hamiltonian of individual phenacene molecules
and Hinter represent the inter-molecular interactions.
The intra-molecular Hamiltonian can be expressed as,
Hintra = −
∑
µ,i
′
nµ,i − t
∑
µ,〈ij〉,σ
c†µ,i,σcµ,j,σ +
U
∑
µ,i
nµ,i,↑nµ,i,↓ +
1
2
∑
µ,i6=j
Vi,jnµ,inµ,j (1)
In the above c†µ,i,σ creates a pi-electron of spin σ in
the pz orbital of the i-th C-atom of the µ-th molecu-
lar ion, nµ,i,σ = c
†
µ,i,σcµ,i,σ, and nµ,i =
∑
σ nµ,i,σ. The
primed sum in the site-energy dependent term of Eq. 1
is restricted to C-atoms without C-H bonds, accounting
3FIG. 1: (Color online) 2D Herringbone lattice of phenan-
threne ions (the crystallographic motif is taken from Ref. 43);
metal ions are not shown for clarity. The 1D lattice studied
in text is shown superimposed on the 2D lattice by solid red
and blue dashed lines, depicting nearest neighbor and next-
nearest neighbor hoppings, respectively.
for their higher electronegativity than those with C-H
bonds44. The nearest neighbor (< ij >) hopping integral
of individual phenacene molecules is t; we take t = 2.4 eV,
which is the standard intra-molecular hopping integral
for C-based systems. U represents the onsite Coulomb re-
pulsion between two electrons of opposite spins occupying
the 2pz orbital of a C-atom of a phenacene molecule; we
vary U from 0 − 10 eV in this study. The parametrized
expression for the Vi,j term, which depicts the intersite
repulsion between two electrons on C-atoms i and j of a
phenacene molecule, is given below.
Vi,j =
U
κ(1 + 0.6117R2i,j)
1/2
. (2)
Here, Ri,j (in A˚) is the distance between C-atoms i and
j of a phenacene molecule. The constant κ models the
dielectric constant of the medium and determines the
strength of Vi,j as a function of distance
45. The above
parametrization with U = 11.13 eV and κ = 1 corre-
sponds to the Ohno parametrization46.
The inter-molecular Hamiltonian can include hopp-
ping of electrons between the molecules (H1einter), e-e re-
pulsion between the charged phenacene ions (Heeinter),
interactions between the metal ions and the molecules
(Hion−molinter ), and interactions between the metal ions
(Hion−ioninter ). In this study we have neglected all the terms
in Hinter except H
1e
inter, as they do not affect our generic
qualitative theoretical model. These terms can be in-
cluded later for deriving a quantitative theory. In what
follows,
H1einter =
∑
i∈µ,j∈ν,σ
tµ,ν,i,jc
†
µ,i,σcν,j,σ. (3)
Here, tµ,ν,i,j are the inter-molecular hopping integrals be-
tween C-atoms i and j of molecules µ and ν, respectively.
Compared to the intra-molecular hopping term t = 2.4
eV, the inter-molecular hoppings are tiny and generally
of the order of 0.1 − 0.2 eV (cf. 22).
Solving H in the complete space of 2pz atomic orbitals
is computationally impossible due to its overwhelmingly
large dimension. We therefore work within the standard
approach of molecular exciton theory and first transform
H from the 2pz atomic orbital basis to the MO basis;
this unitary basis transform is exact. We then identify
the FMOs for the problem and derive an effective Hamil-
tonian in the reduced subspace of the FMOs. In the
case of phenacenes, the L and L+1 orbitals accommo-
date the doped electrons upon metal-intercalation and
are well separated from the remaining low and high en-
ergy MOs. In Table I we have shown the single-particle
energy gaps for phenanthrene and picene at two different
values of , illustrating the separation of the FMOs from
the low and high lying MOs.
TABLE I: Comparison of single-particle energy gaps (in units
of t) of phenanthrene (cols 2−3) and picene (cols 4−5) for
two different values of . H denote Highest Occupied MO
(HOMO).
Gaps/Molecule || = 0 || = 0.65 || = 0 || = 0.65
∆H,L 1.21 1.20 1.00 0.99
∆L,L+1 0.16 0.12 0.18 0.13
∆L+1,L+2 0.37 0.37 0.18 0.19
Due to the tiny values of inter-molecular hoppings
tµ,ν,i,j relative to ∆H,L and ∆L+1,L+2 in phenanthrene,
occupations of the lower bonding and higher antibond-
ing MOs are not affected by band formation involving
the L and L+1 orbitals only. However for picene this is
not the case as ∆L,L+1 ∼ ∆L+1,L+2, and participation
of the L+2 orbital can be expected. Within the reduced
subspace, due to small ∆L,L+1, no Coulomb (e-e) matrix
elements between L and L+1 orbitals should be ignored
as well as, all inter-molecular hoppings between them
have to be taken into consideration. The importance
of the inter-molecular L-L+1 hoppings will be discussed
in Sec-III. The reduced Hamiltonian HPPPL,L+1 within the
subspace of the L and L+1 orbitals can be written as,
4HPPPL,L+1 =
∑
µ,k,σ
kNµ,k,σ +
∑
µ,k,σ
U˜
(d),σ,−σ
k,k Nµ,k,σNµ,k,−σ +
∑
µ,k 6=k′,σ
U˜
(d),σ,−σ
k,k′ Nµ,k,σNµ,k′,−σ +
∑
µ,k 6=k′σ
U˜
(d),σ,σ
k,k′ Nµ,k,σNµ,k′,σ
+
∑
µ,k1 6=k2,k3 6=k4,σ
U˜
(o),σ,−σ
k1,k2
a†µ,k1,σaµ,k2,σa
†
µ,k3,−σaµ,k4,−σ +
∑
µ6=ν,k,k′,σ
tk,k
′
µ,ν a
†
µ,k,σaν,k′,σ. (4)
Here, k indices refer to L and L+1 orbitals. In the Ap-
pendix we show the derivation of HPPPL,L+1 and discuss the
various terms occuring in reduced Hamiltonian.
We numerically study finite zig-zag 1D lattices [see
Fig. 1] with nearest and next-nearest neighbor hoppings
between the molecules, using the Diagrammatic Valence
Bond (DVB) technique47–49. This is an exact diagonal-
ization method utilizing the complete, non-orthogonal,
Stotal and S
z
total conserving valence bond basis. Within
the reduced subspace of the FMOs, the real space near-
est and next-nearest neighbor hoppings translate to 3
kinds of inter-molecular inter-orbital hoppings, namely,
tL,Lj , t
L,L+1
j and t
L+1,L+1
j ; j = 1, 2, denote nearest and
next-nearest neighbors. The parameters of our reduced
Hamiltonian [Eq. 4] are ∆L,L+1, intra-molecular e-e in-
teractions, i.e., U and κ, and the multiple inter-molecular
hopping integrals. While the first two are obtained
from molecular calculations, we parametrize the inter-
molecular hoppings based on our previous work22. The
parametrized values of the inter-molecular hopping inte-
grals (in eV) considered in this work are as follows: tL,L1
= 0.15, tL,L+11 = 0.05, t
L+1,L+1
1 = 0.10; t
L,L
2 = t
L+1,L+1
2
= 0.075, tL,L+12 = 0.025. We consider ∆L,L+1 = 0.3
eV, 0 ≤ U ≤ 10 (in eV), and κ = 1.0, 3.0. We study
1D phenanthrene lattices with 10 ions (20 MOs) with
charges −1 (10 electrons) and −3 (30 electrons), and 8
ions (16 MOs) with charge −2 (16 electrons). Studying
10 ions with molecular charge −2, i.e., 20 electrons on
20 MOs, is beyond current computational capacity. We
compute the ratio of the average charge densities on the
L and L+1 orbitals, i.e., nL+1nL , and spin-spin correlation
functions given by 〈Sz1,kSzµ,k〉, respectively; k = L, L+1
and µ = molecule index. Apart from these observables,
we also calculate the kinetic energies of the L and L+1
orbitals,
Kp =
∣∣∣ ∑
µ,σ
(
tp,p1 〈a†µ,p,σaµ,p,σ + H.C.〉+ tp,p2 〈a†µ,p,σaµ,p,σ + H.C.〉
) ∣∣∣ . (5)
Here, µ is the index of the molecule and p ∈ [L,L+1];
other symbols have already been defined.
III. SUMMARY OF PREVIOUS RESULTS
Previously22 we had derived an effective Hamilto-
nian, HL,L+1Hub for metal-intercalated phenanthrene crys-
tals within the localized basis of the L and L+1 orbitals
of individual phenanthrene molecules. The reason for
choosing these MOs have already been discussed in the
previous section. The individual phenanthene molecules
were described by the Hubbard model with short range
(onsite) e-e interactions. In the U = 0 limit, the band
structure of HL,L+1Hub was composed of MOs of predomi-
nantly either L- or L+1-character. In both our past and
present study, we call these as L- and L+1-derived MOs.
We found that in the absence of the tL,L+1j terms, the
band structure of HL,L+1Hub consisted of L-derived MOs ly-
ing below the Fermi level and L+1-derived MOs above
the Fermi level [see Fig. 2(a)]; the Fermi level lies between
the HOMO and the LUMO of the phenanthrene crystal
with EF = 0. When electrons were filled in this band
structure, we found that the monoanion and the dianion
crystals of phenanthrene had all L-derived MOs occupied
only. As a result nL+1/nL = 0 for both, where nL and
nL+1 were the average orbital occupancies of the L- and
L+1-derived MOs. In the trianion crystal however, elec-
trons occupy both the L- and L+1-derived MOs, thereby
making nL+1/nL = 0.5. In the presence of the t
L,L+1
j
terms however, we found that in the uncorrelated limit,
both in 1D and 2D, the band structure of phenanthrene
crystals consist of clusters of L- and L+1-derived MOs
occuring alternatingly as shown in Fig. 2(b). As a result,
the ratio nL+1/nL > 0 and 0.5 in the dianion and trian-
ion crystals, respectively. The monoanion by virtue of its
molecular charge, continued to have all L-derived MOs
occupied only, thereby making nL+1/nL = 0. There-
fore in the U = 0 limit, presence of the tL,L+1j terms
enforced charge asymmetry between the monoanion and
trianion crystals. Note that there is no charge asymme-
try between molecular valences −1 and −3 in the absence
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FIG. 2: (Color online) Tight-binding energy level diagram
of a 1D lattice of 8 phenanthrene ions, i.e., 16 MOs, with-
out (a) and with (b) the tL,L+1j terms, illustrating the role of
band-width induced charge asymmetry between the monon-
ion and trianion crystals at U = 0; solid black dots indicate
electrons. The numbers given below each ion in (a) and (b)
indicate the ratio nL+1/nL; nL and nL+1 are the number of
electrons in the MOs with L- and L+1-character, respectively.
Schematic representation (c)-(e) of the normal states of the
three kinds of phenanthrene ionic crystals in the presence of
short range correlations; solid and broken arrows indicate 1
and 1/2 electron, respectively (see Sec-III for details). Solid
(red) and broken (blue) lines indicate the L- and L+1-derived
MOs, respectively.
of the tL,L+1j terms and both are
1
2 -filled systems. The
band-width effect was further enhanced by short range
e-e interactions, resulting in distinct charge-orbital or-
derings in the three kinds of phenanthrene ionic crystals.
In the dianion crystals the L- and L+1-derived MOs be-
came equally populated with L-L+1 intra-molecular fer-
romagnetic spin ordering and, L-L and L+1-L+1 inter-
molecular antiferromagnetic spin-spin couplings. The tri-
anion crystal on the other hand behaved as a nearly de-
generate 34 -filled two-band system with no spin order.
The monoanion however, continued to be 12 -filled with
antiferromagnetic coupling between the filled L-derived
MOs.
IV. RESULTS AND DISCUSSION
In Sec-III we discussed the effect of short range e-e
interactions on the normal state of metal-intercalated
phenanthrenes. Here we present our results showing the
effect of long range Coulomb correlations on the same.
For simplicity’s sake, we will be referring to the diagonal
e-e repulsion terms between opposite spin electrons as
U˜↑,↓L,L, U˜
↑,↓
L+1,L+1 and U˜
↑,↓
L,L+1. The diagonal term U˜
(d),σ,σ
L,L
representing e-e repulsion between same spin electrons
will be denoted as U˜↑,↑L,L+1 while the off-diagonal compo-
nent U˜
(o),σ,−σ
L,L+1 will be denoted as U˜
2e
L,L+1. In Table II
we have compared the magnitudes of the various e-e in-
teraction terms present in HHubL,L+1 and H
PPP
L,L+1, at two
different values of U and ∆L,L+1 = 0.3 eV. We find that
i) magnitudes of all e-e interaction terms in HPPPL,L+1 are
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FIG. 3: (Color online) (a) and (b): Variation in
nL+1
nL
with
U in the models HHubL,L+1 (black solid lines) and H
PPP
L,L+1
(red dashed lines), for the monoanion (circles) and trianion
(squares) crystals, respectively. Violet dotted line with stars
in (a) is for the trianion crystal with different set of hopping
parameters (see text for details). (c): Change in
nL+1
nL
as
a function of U for the dianion crystal; solid black, dotted
red and dashed blue curves correspond to HHubL,L+1 model, and
HPPPL,L+1 model with κ = 1, 3, respectively. (d): Spin-spin
correlation functions in the monoanion for the two models at
U = 6.0 eV; µ is the index of the molecule. L-L+1 and L+1-
L+1 spin-spin correlations being zero, are not shown. In all
the plots ∆L,L+1 = 0.3 eV.
larger than those in HHubL,L+1 due to renormalization, ii)
magnitude of U˜↑,↓L,L+1 term in H
PPP
L,L+1 is either compara-
ble to or larger than both U˜↑,↓L,L and U˜
↑,↓
L+1,L+1 depending
on the screening constant, and iii) the repulsion term
U↑,↑L,L+1 is found to be comparable to U˜
↑,↓
L,L and U˜
↑,↓
L+1,L+1
for smaller values of κ and larger values of U . We also
find that when U > 6 eV and κ = 1, the e-e interaction
parameters in HL,L+1PPP acquire unphysical values. Con-
sequently in Fig. 3(b) the X-axis is truncated at U =
6.0 eV. Based on Table II we now explain the behavior
of the normal states of the three kinds of phenanthrene
ionic crystals in the presence of long range e-e correla-
tions.
TABLE II: Comparison of the magnitudes of various e-e in-
teraction terms in HHubL,L+1 and H
PPP
L,L+1 for κ = 1, 3, at U =
4.0 eV (columns 2−4) and 8.0 eV (columns 5−7) and ∆L,L+1
= 0.3 eV.
Param HHubL,L+1 κ = 1 κ = 3 H
Hub
L,L+1 κ = 1 κ = 3
U˜↑,↓L,L 0.443 0.789 0.558 0.886 1.579 1.117
U˜↑,↓L+1,L+1 0.429 0.787 0.548 0.859 1.573 1.098
U˜↑,↓L,L+1 0.161 0.935 0.419 0.322 1.869 0.838
U˜↑,↑L,L+1 0.000 0.774 0.258 0.000 1.547 0.516
U˜2eL,L+1 0.161 0.134 0.152 0.322 0.267 0.304
As seen from Figs. 3(a) and (b), the ratio nL+1/nL in
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FIG. 4: (Color online) Change in KL (circles) and KL+1
(squares) with U for the monoanion (a), dianion (b) and tri-
anion (c) crystals. Solid (dashed) black (red) curves pertain
to HHubL,L+1 (H
PPP
L,L+1) model. In all the plots ∆L,L+1 = 0.3
eV and κ = 3.0. In (c), the dotted blue and green lines with
open circles and squares, respectively, are for a different set
of inter-molecular hoppings (see text for details).
the monoanion crystal is 0, indicating that the popula-
tions of the L- and L+1-derived MOs are respectively,
· · · 1111 · · · and · · · 0000 · · · ; 1 and 0 refer to singly occu-
pied and empty sites, respectively. Thus with long range
interactions also, the electrons in the monoanion crystal
are ”confined” to the L-derived orbitals only. We there-
fore expect, as we had observed for HHubL,L+1, that the elec-
trons will be antiferromagnetically coupled to each other
as this is the most stable configuration. Plot of inter-
molecular L-L spin-spin correlations at U = 6.0 eV and
∆L,L+1 = 0.3 eV confirms our expectation and indicate
antiferromagnetic (AFM) spin ordering in the monoanion
[Fig. 3(d)]. The antiferromagnetic interactions between
the L-derived MOs are however stronger than that found
with short range correlations, indicating that long range
correlations stablize the 12 -filled AFM state more than
short range interactions. This is because of increased
magnitude of the U↑,↓L,L term due to renormalization [see
Table II]. Note that smaller values of the screening con-
stant κ sustains larger AFM couplings because the intra-
molecular Coulomb potential Vi,j becomes “steeper” with
decrease in κ. As the the L-derived orbitals are occu-
pied only, KL is non-zero as seen from Fig. 4(a). Due
to electron hoppings, the site charge densities of the L-
derived orbitals changes from · · · 1111 · · · to · · · 1201 · · ·
to · · · 1210 · · · ; here, 2 refers to doubly occupied sites.
The tendency to form 2s and 0s will decrease with in-
crease in U , which dictates all the e-e repulsion terms
in HPPPL,L+1. Therefore in Fig. 4(a) we find that with in-
crease in U , KL decreases nearly monotonically. Thus,
from Figs. 3(a), (b) and (d), and Fig. 4(a) we find that
the behavior of the monoanion crystal is the same with
both short and long range e-e interactions. We therefore
surmise that long range correlations do not affect the nor-
(II)
(I)
E(P.E) = 4∆ + 2U˜
↑,↓
L,L + 2U˜
↑,↓
L+1,L+1
E(P.E) = 4∆ + 2U˜
↑,↑
L,L+1 + 2U˜
↓,↓
L,L+1
Hub
4.296 2.232
κ = 1 κ = 3
Hub
1.844 4.940 2.876
κ = 1 κ = 3
Hub κ = 1 κ = 3
4.352 3.4122.944
1.2
E(P.E) = 4∆ + 4U˜
↑,↓
L,L+1
(III)
FIG. 5: (Color online) Schematic depiction of three configura-
tions of the dianion crystal with equally populated L- (solid
red line) and L+1-derived (dashed blue line) orbitals. The
analytical expression of the potential energy, E(P.E), of each
configuration is indicated along with its numerical value in
the table underneath, for HHubL,L+1 and H
PPP
L,L+1 (κ = 1, 3). Ar-
rows denote electrons, U = 4.0 eV, and ∆ = ∆L,L+1 = 0.3
eV. The numerical values of E(P.E) are obtained using the
analytical expression and Table II
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FIG. 6: (Color online) Spin-spin correlations for the dianion
crystal in the HHubL,L+1 model (solid black line with circles) and
the HPPPL,L+1 model with κ = 1 (dotted red line with squares)
and κ = 3 (dashed blue line with triangles), respectively. (a),
(b) and (c) show the plots of 〈Sz1,LSzµ,L〉, 〈Sz1,L+1Szµ,L+1〉, and
〈Sz1,LSzµ,L+1〉, respectively, for ∆L,L+1 = 0.3 eV and U = 6.0
eV; µ is the index of the molecule.
mal state of the monoanion crystal and it continues to
behave as a 12 -filled Mott-Hubbard semiconductor.
We have already seen in Sec-III that the band struc-
ture of the dianion crystal is such that it allows elec-
tron exchange between the L- and L+1-derived MOs at
U = 0. Population exchange between these MOs is fur-
ther enhanced by short range e-e interactions22 result-
7ing in nL+1/nL → 1. From Fig. 3(c) it is observed
that with long range correlations also, as U is increased,
nL+1/nL → 1. However, compared to short range in-
teractions, long range correlations bring about popula-
tion equalization “faster”, i.e., at relatively smaller U
values. Furthermore, the atomic U at which nL+1 be-
comes equal to nL is dictated by the screening constant,
i.e., the “steepness” of the intra-molecular potential Vi,j .
nL+1/nL → 1 in the dianion crystals in the presence of
long range correlations is very intriguing because the re-
pulsion term U˜↑,↑L,L+1 is supposed to hinder population
equalization. To understand this behavior of dianion
crytals, we compare the potential energies, E(P.E), of
three configurations with equally populated L- and L+1-
derived MOs in Fig. 5. We choose these because config-
urations with equally populated L- and L+1-derived or-
bitals have maximum kinetic stability and are thus prone
to be favored over other configurations. From Fig. 5 it
is evinced that configurations like (I) have the minimum
potential energy and are hence dominant in the ground
state of the dianion crystal. This explains the behav-
ior of the spin-spin correlation functions shown in Fig. 6:
While the inter-molecular L-L and L+1-L+1 spin-spin
correlations are antiferromagnetic in nature, the intra-
molecular L-L+1 spin-spin couplings are ferromagnetic.
Depending on the magnitude of U the dianion crystal be-
haves as a two-band system with either 0 < nL+1/nL <
1 or nL+1/nL = 1. These two ground states being dif-
ferent from each other, are expected to have different
kinetic energies. This is indeed the case as seen from
Fig. 4(b). If we compare Figs. 3(c) and 4(b) it is found
that the U value at which nL+1/nL increases suddenly
coincides with the U value at which KL and KL+1 show
sudden decrease. Once population equalization has oc-
curred, KL ' KL+1 and both of them decrease monoton-
ically with U as the L- and L+1-derived orbitals become
effectively 12 -filled. Due to finite size effect the values of
KL and KL+1 are not of same magnitudes although in
the thermodynamic limit they are expected to be same.
By virtue of the band-width effect, crystals of phenan-
threne trianions have nL+1/nL > 0.5 at U = 0. From
Figs. 3(a) and (b) it is observed that short range e-e inter-
actions further enhance this charge transfer between the
L- and L+1-derived orbitals, thereby making nL+1/nL →
1.0. Long range correlations on the other hand suppress
this tendency and coerce nL+1/nL to approach its U = 0
value with increase in U , as evinced from the same fig-
ures. In other words, the tendency of trianion crystals to
form a nearly-degenerate 34 -filled system is hindered by
long range correlations. In order to understand this, we
will first briefly discuss how short range e-e interactions
drive trianion crystals toward population equalization.
Consider the Mott-Hubbard configuration [configuration
(I) in Fig. 7]. Although it has the minimum potential en-
ergy compared to all other configurations, its kinetic sta-
bility is also minimum. This is because of KL being zero.
Any other configuration with nL+1/nL > 0.5 has more
kinetic stability due to contribution from both KL and
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FIG. 7: (Color online) Schematic representation of three con-
figurations of the trianion crystal along with their correspond-
ing potential energies, E(P.E). The table for each configu-
ration depict the numerical values of E(P.E) for HHubL,L+1 and
HPPPL,L+1 (κ = 1, 3), respectively, at U = 4 eV; these val-
ues have been obtained using the analytical expressions of
E(P.E) and Table II. Solid red and dashed blue lines de-
pict the L- and L+1-derived MOs, respectively; ↑ (↓) denote
spin-up (spin-down) electrons. The ratio nL+1/nL for each
configuration is also shown. (I) is the Mott-Hubbard configu-
ration, (II) is the U = 0 configuration, and (III) is the 3
4
-filled
two-band system.
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FIG. 8: (Color online) Change in 〈Sz1,LSzµ,L〉 (a),
〈Sz1,L+1Szµ,L+1〉 (b) and 〈Sz1,LSzµ,L+1〉 (c), with U of the tri-
anion crystal at ∆L,L+1 = 0.3 eV and U = 6.0 eV; µ is the
molecule index. Solid black lines with circles indicate the
HHubL,L+1 model while dotted (dashed) red (blue) curves with
squares (triangles) refer to HPPPL,L+1 with κ = 1 (κ = 3), re-
spectively.
KL+1. This gain in kinetic energy overrides the increase
in potential energy due to electron exchange between the
L- and L+1-derived orbitals. Now, consider configura-
tions (II) and (III) of Fig. 7; while (II) has nL > nL+1,
(III) has nL = nL+1. Although the potential energies
of these configurations are comparable, any double occu-
8pancy conserving electron hops for configuration (II) will
lead to an increase in potential energy. No potential en-
ergy increase will however occur for configuration (III)
by virtue of these double occupancy conserving hops; we
define double occupancy conserving hoppings as electron
hops within the L-derived (L+1-derived) orbitals such
that the number of doubly occupied L-derived (L+1-
derived) orbitals remain unchanged22. In other words,
configurations with nL+1/nL ' 1 will have higher ki-
netic stability and therefore dominate in the ground state
wavefunction at U > 0.
With long range correlations however, configurations
like (II) dominate the ground state wavefunction and
therefore nL+1/nL(at U > 0) → nL+1/nL(at U = 0).
This implies that the double occupancy conserving elec-
tron hops fail to provide configurations like (III) the ki-
netic stability needed to overcome the initial potential
energy gain. If we look at the magnitudes of E(P.E) in
Fig. 7, we find that magnitudes of the potential energies
of the configurations in the presence of long range corre-
lations are almost double compared to their magnitudes
with short range correlations. This indicates that the be-
havior of the trianion crystals with long range e-e inter-
actions will be dominated by E(P.E) rather than kinetic
stability. Simply stated, this implies that with increase in
U the ground state wave function of the trianion crystal
will be dominated by configurations which are kinetically
more stable than the Mott-Hubbard configuration but
with the minimum number of electrons promoted from
the L- to the L+1-derived orbitals. For example, in the
lattice of 20 MOs with 30 electrons, for 0 < U ≤ 10, only
2 electrons are transferred from the L- to the L+1-derived
MOs, thereby making nL+1/nL ∼ 0.7 [see Figs. 3(a) and
(b)]. We believe that the behavior of the trianion crystal
in the presence of long range correlations is due to smaller
band-width compared to the e-e interactions. In case of
short range correlations the band-width was comparable
to the e-e interactions and thus allowed cooperation be-
tween the two. There are two possible ways to increase
the band-width: (a) Increase the magnitudes (within re-
alistic limits) of the inter-molecular inter-orbital hopping
terms, i.e., tµ,νj , and, (b) increase the lattice sizes chosen.
However, (b) is not possible in the present context as
the lattices used are the largest possible within our ex-
act diagonalization study. Therefore if the behavior of
the trianion crystal does not change upon increasing the
magnitudes of the tµ,νj terms, then small system size is
the reason for the trianion crystal for behaving differently
in the presence of long range correlations.
We computed nL+1/nL and KL and KL+1 for the
trianion crystal with larger hopping parameters, i.e.,
larger band-width, at ∆L,L+1 = 0.3 eV and κ = 3.0;
tL,L1 = 0.175, t
L,L+1
1 = 0.075, t
L+1,L+1
1 = 0.125, and,
tL,L2 = t
L+1,L+1
2 = 0.1, t
L,L+1
2 = 0.05; all hopping terms
are realistic and expressed in eV. The plots of nL+1/nL
and the kinetic energies versus U with the new tk,k
′
j terms
are shown in Figs. 3(a) and 4(c), respectively. We find
that the behavior of the trianion crystal at large U re-
mains unchanged even with increased hopping parame-
ters. We therefore conclude that long range interactions
demand longer system sizes compared to those studied in
the present work. The L-L, L+1-L+1 and L-L+1 spin-
spin correlations [Figs. 8(a)-(c)] however show that there
is no spin ordering in the trianion as was found with
short range correlations. This again indicates that the
ground state of the trianion is not of the Mott-Hubbard
type with nL = 2 and nL+1 = 1, but with nL and nL+1
slightly less and more than 2 and 1, respectively.
V. CONCLUSIONS AND DISCUSSIONS
In this work we have addressed the effect of long
range Coulomb correlations on the normal state of metal-
intercalated phenacene crystals, taking phenanthrene as
example. The individual phenacene molecules have been
modeled by the Pariser-Parr-Pople Hamiltonian. We de-
rive an effective correlated model Hamiltonian HPPPL,L+1
to describe the phenacene ions in the solid state within
a localized basis of the L and L+1 FMOs. We find that
long range correlations not only renormalize the Coulomb
terms occuring in HHubL,L+1 but also introduce an addi-
tional intra-molecular repulsion term between same spin
electrons; HHubL,L+1 is the effective Hamiltonian obtained
by describing the individual phenacene molecules by the
Hubbard model with short range e-e interactions. It is
found that the normal states of the monoanion and dian-
ion molecular solids remain unaffected by the presence of
long range interactions. The monoanion crystal continues
to behave as a single-band 12 -filled Mott-Hubbard semi-
conductor with L-L antiferromagnetic spin order. The
dianion crystal undergo population equalization with in-
crease in the strength of e-e repulsion, i.e., U . Spin-spin
correlations show that the inter-molecular L-L and L+1-
L+1 spin couplings are antiferromagnetic while the intra-
molecular L-L+1 spin couplings are ferromagnetic. The
trianion’s behavior with short and long range interactions
is however different. With short range correlations the
trianion is a nearly 34 -filled two-band system without any
spin order. However, in the presence of long range inter-
actions, with increase in U , the tendency towards popu-
lation equalization between the L- and L+1-derived MOs
is suppressed and the ratio nL+1/nL reaches its U = 0
magnitude. This occurs because the system sizes chosen
in this study are not large enough to provide the kinetic
stability necessary for nL+1/nL ' 1. Thus the trianion
crystal behaves as a two-band system with nL slightly less
than 2 and nL+1 slightly greater than 1, and without any
spin order. We believe that larger system sizes will allow
population equalization in the trianion crystal even with
long range correlations. We thus conclude that the be-
havior of the normal state of metal-intercalated phenan-
threne crystals are not affected by long range Coulomb
correlations.
Occurance of SC under pressure and at a fixed carrier
9concentration is a signature of C-based superconductors.
While SC occurs at carrier density ρ = 0.5 in the CTS,
both fullerides and metal-intercalated phenacenes show
SC at the molecular stoichimetry of −3. The CTS can
be either electron or hole doped with one electron or
hole per dimer resulting in ρ = 0.5. Examples of hole
and electron doped CTS are κ−(BEDT)2X, where X
= Cl, Br, I, (NCS)2, Cu2(CN)3, and, Z[Pd(dmit)2]2
salts, Z = P, As, Sb, respectively; here, BEDT =
bisethylenedithio-tetrathiafulvalene and dmit = 1,3-
dithiol-2-thione-4,5-dithiolate. In metal-intercalated
phenacenes, two MOs per molecule accommodate 3
electrons and thus ρ = 32 . Similar scenario is expected
in the case of doped fullerides also: 3 electrons on two
non-degenerate MOs separated by a gap equal to the
Jahn-Teller distortion energy, thereby giving ρ = 32 .
However as discussed in Sec-I, all available theoretical
works on the fullerides are based on the idea that SC
occurs from an effectively 12 -filled (ρ = 1) Mott-Hubbard
AFM; this theoretical approach however suffers from
some drawbacks, for example, it is unable to explain
the absence of SC in singly-doped fullerides. Thus, it
is important to revisit the mechanism of SC in doped
fullerides. Also, instead of focussing on each of these
three classes of C-based superconducting materials
separately, stress should be given on understanding
whether these materials indeed have a common normal
state and thus, a common mechanism of SC.
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Appendix A: Derivation of the reduced Hamiltonian
The complete Hamiltonian of metal-intercalated
phenacenes in the solid state, within the 2pz atomic or-
bital basis, can be expressed as, H = Hintra + Hinter;
Hintra [Eq. 1] can be broken into H
1e
intra and H
ee
intra which
are the one- and many-electron components, respectively.
In order to transform H from the atomic orbital basis to
the MO basis, we first solve H1eintra exactly,
H1eintra =
∑
µ,k,σ
Eµ,ka
†
µ,k,σaµ,k,σ, (A1)
where a†µ,k,σ =
∑
i ψµ,k,ic
†
µ,i,σ represents the kth MO of
the µ-th molecule. We then express Heeintra and H
1e
inter
within these localized MOs a†µ,k,σ
22,50.
Heeintra(onsite) = U
[ ∑
µ,k,k′,i
|χµ,i,k|2|χµ,i,k′ |2Nµ,k,↑Nµ,k′,↓ +
∑
µ,k1 6=k2,k3 6=k4,i
(
4∏
l=1
χµ,i,kl)a
†
µ,k1,↑aµ,k2,↑a
†
µ,k3,↓aµ,k4,↓
]
(A2)
Heeintra(long range) =
1
2
[ ∑
µ,k,σ,i 6=j
Vi,j |χµ,i,k|2|χµ,j,k|2Nµ,k,σ +
∑
µ,k,k′,σ,i 6=j
Vi,j |χµ,i,k|2|χµ,j,k′ |2Nµ,k,σNµ,k′,−σ
+
∑
µ,k 6=k′,σ,i 6=j
Vi,j |χµ,i,k|2|χµ,j,k′ |2Nµ,k,σNµ,k′,σ +
∑
µ,k1 6=k2,k3 6=k4;i 6=j
Vi,j
{ 2∏
l=1
χµ,i,klχµ,j,kl
}
a†µ,k1,↑aµ,k2,↑a
†
µ,k3,↓aµ,k4,↓
+
∑
µ,k 6=k′,i6=j,σ
{
|χµ,i,k|2χµ,j,kχµ,j,k′ + |χµ,j,k|2χµ,i,kχµ,i,k′
}
Nµ,k,σ (a
†
µ,k,σaµ,k′,σ + H.C.)
]
(A3)
H1einter =
∑
k1,k2,σ;i∈µ,j∈ν,µ 6=ν
χµ,i,k1χν,j,k2tµ,ν,i,ja
†
µ,k1,σ
aν,k2,σ (A4)
The matrices χ and ψ are inverses of each other and
Nµ,k,σ = a
†
µ,k,σaµ,k,σ. The above transformation from
the complete basis of atomic orbitals to the complete MO
basis is exact. The terms Heeintra(onsite) and H
ee
intra(long
range) correspond to the intra-molecular inter-atomic e-
e repulsions due to the short and long range compo-
nents of the PPP Hamiltonian (Eq. 1). The second and
fourth terms of Eq. A3 are same as the first and sec-
ond terms in Eq. A2, respectively, except with differ-
ent coefficients. Thus, the long range component of the
PPP Hamiltonian renormalize the onsite (U -dependent)
terms in Eq. A2. The third term in Eq. A3 denotes
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the e-e repulsion between parallel spins on different MOs,
within the same molecule; the last term in Eq. A3 depict
density-dependent intra-molecular hoppings between dif-
ferent MOs. Eqs. A2 − A4 represent H in the complete
MO basis. The reduced Hamiltonian HL,L+1 can be ob-
tained by restricting the sums over the k’s in Eqs. A2
− A4 to the L and L+1 orbitals.
HPPPL,L+1 =
∑
µ,k,σ
kNµ,k,σ +
∑
µ,k,σ
U˜
(d),σ,−σ
k,k Nµ,k,σNµ,k,−σ +
∑
µ,k 6=k′,σ
U˜
(d),σ,−σ
k,k′ Nµ,k,σNµ,k′,−σ +
∑
µ,k 6=k′σ
U˜
(d),σ,σ
k,k′ Nµ,k,σNµ,k′,σ
+
∑
µ,k1 6=k2,k3 6=k4,σ
U˜
(o),σ,−σ
k1,k2
a†µ,k1,σaµ,k2,σa
†
µ,k3,−σaµ,k4,−σ +
∑
µ6=ν,k,k′,σ
tk,k
′
µ,ν a
†
µ,k,σaν,k′,σ (A5)
In Eq. A5 all k indices denote L and L+1 MOs and tL,L+1µ,ν
=
∑
i,j χµ,i,k1χν,j,k2tµ,ν,i,j . The orbital (site) energies
k and the various spin-dependent Coulomb terms are
defined as given below.
L = EL +
1
2
∑
i6=j
Vi,j |χµ,i,L|2|χµ,j,L|2; L+1 = EL+1 + 1
2
∑
i6=j
Vi,j |χµ,i,L+1|2|χµ,j,L+1|2
U˜
(d),σ,−σ
L,L =
∑
i
|χµ,i,L|2
(
U |χµ,i,L|2 + 1
2
∑
j 6=i
Vi,j |χµ,j,L|2
)
; U˜
(d),σ,−σ
L+1,L+1 =
∑
i
|χµ,i,L+1|2
(
U |χµ,i,L+1|2 + 1
2
∑
j 6=i
Vi,j |χµ,j,L+1|2
)
U˜
(d),σ,−σ
L,L+1 =
∑
i
|χµ,i,L|2
(
U |χµ,i,L+1|2 + 1
2
∑
j 6=i
Vi,j |χµ,j,L+1|2
)
; U˜
(d),σ,σ
L,L+1 =
1
2
∑
i,j 6=i
Vi,j |χµ,i,L|2|χµ,j,L+1|2
U˜
(o),σ,−σ
L,L+1 = U
∑
i
χ2µ,i,Lχ
2
µ,i,L+1 +
1
2
∑
i,j;j 6=i
Vi,jχ
2
µ,i,Lχ
2
µ,j,L+1
The diagonal Coloumb terms, U
(d),σ,−σ
k,k k ∈ [L,L+1],
denote the intra-molecular Coulomb repulsions between
two electrons of opposite spins occupying orbital k.
When both the L and L+1 orbitals on the same
molecule are singly occupied by electrons with opposite
(same) spins, the e-e repulsion is denoted by U
(d),σ,−σ
L,L+1
(U
(d),σ,σ
L,L+1 ). Apart from the four diagonal Coulomb terms,
two off-diagonal terms of equal magnitude and denoted
by U
(o),σ,−σ
L,L are also present in Eq. A5. One of them
is refered to as the two-electron (2e) hopping term and
is responsible for promoting an electron pair from the
L orbital to the L+1 orbital and vice versa. The other
off-diagonal term gives rise to Hund’s coupling between
the singly-occupied L and L+1 orbitals on the same
molecule22. The magnitudes of U
(d),σ,−σ
L,L+1 and U
(o),σ,−σ
L,L+1
are equal in the absence of long range e-e interactions.
However, in the presence long range e-e interactions it
is found that |U (d),σ,−σL,L+1 | > |U (o),σ,−σL,L+1 | and occurs due
to
∑
i,j;j 6=i Vi,jχ
2
µ,i,Lχ
2
µ,j,L+1 being negative. Although
the energies of the L and L+1 orbitals, namely, EL and
EL+1, get renormalized, ∆L,L+1 does not change. Note
that in Eq. A5 the density-dependent hopping term
(last term in Eq. A3) is absent. This is because density-
dependent hoppings are important only when orbitals
of same symmetry are involved. Thus for phenanthrene
with FMOs of different symmetries, this term does not
contribute. However, for phenacenes like picene, where
each molecule can behave as a three-orbital system due
to ∆L,L+1 = ∆L+1,L+2, this term is expected to have
a non-zero contribution; ∆L+1,L+2 is the single-particle
gap between the LUMO+1 LUMO+2 levels.
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